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I. INTRODUCTION

The research described in this report is one of the first attempts to

construct a model for the temporal propagation of conductivity enhancements

associated with the auroral ionosphere during substorm breakup. To place the

research into a proper perspective we shall, in Section III, first review some

of the observational facts relating to substorm morphology. Following that, we

shall discuss our results and their relation to observations.

I. DESCRIPTION OF RESEARCH

The substorm phenomenon is a global process exhibiting complex dynamical

features. It intrinsically involves the interaction of coupling between the

solar wind, magnetosphere, and ionosphere. Phenomenoligically, the evolution of

most substorms can be broken down into a series of distinct phases. Akasofu

(1977) has schematically characterized the growth and decay of auroral substormn

as shown in Figure 11.1. The time between T=O and 5 minutes denotes the onset
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Fig. II.1 Schematic diagram showing the growth and

decay of the aurora] substorm, viewed

from above.
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of a substorm. It is characterized by an initial brightening and poleward

expansion of a quite auroral arc (typically the most equatorward form). Indeed,

this poleward motion of the auroral arc is often described as a "poleward leap"

since the process has been observed to occur with speeds of I to 10 km/sec.

Associated with the substorm is the generation of Pi2 pulsations. Following the

initial or growth phase of the substorm, the phenomenon evolves in the manner

shown in Figure IC and ID. This complex "breakup" phase of the substorm is

characterized by the formation of a feature called the Westward Travelling Surge

(WTS). As shown in Figure II.1, within 30 minutes after onset the auroral

structure exhibits a twisting and simultaneous propagation towards the west. We

shall discuss the properties of the WTS in more detail below when we describe

our efforts to model the phenomenon. Following the breakup phase, the substorm
I'"

enters its final or "recovery phase" wherein the auroral system moves back

toward a configuration characteristic of quiescent conditions.

We can now use the brief "definition" of the substorm given above to put our

research into a coherent framework. It was only within the last several years

that systematic morphological properites were associated with WTS. Several

important characteristic features of the surge are: %

a) The structures can propagate in the ionosphere at speeds of I to 30

km/sec (Opgenoorth et al., 1983: Yahnin et al., 1983; G. Rostoker,

private communication.). Indeed, these speeds are typically an order

of magnitude higher than E x B drift velocities and are moreover '

often in the opposite direction. The instantaneous speeds of 30

-3-



km/sec have been observed in the leading branch of the westward

electrojet. This "horn region" is westward of the WTS fold of Figure

IC.

b) The propagation of the WTS moves in steps rather than continuously

(Wiens and Rostoker, 1975; Pytte et al., 1976).

c) Correlated with the WTS is the appearance of energetic precipitating

electrons (typically 1 to 10 Key). These fluxes pervade the high

conductivity region associated with the surge (Meng et al., 1978).

d) At the end of the surge there exists an intense upward field aligned

current carried by energetic precipitating electrons. This current

is concentrated within an area of roughly 100 km x 100 km with an

average intensity of 1-10 pAmp/m 2 . This feature can be modeled as a

line current carrying approximately 105 Amps (Inhester et al., 1981).

It should be noted that the head of the surge corresponds to the fold

that develops in Figure IC and propagates as shown in Figures ID and

IE.

e) There is clearly an observed relationship between the WTS and the

generation of Pi2 pulsations during substorm onsets (Rostoker and

Samson, 1981; Samson and Rostoker, 1984).

-4-
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The foundation for research proposed here is contained in two papers which

describe a model for the propagation of the WTS and the associated generation of

Pi2 pulsations. These works are included herein as Appendices A and B. Both

are the results of a collaboration between myself, P. Rothwell and L. Block.

For reference we will denote as Paper I the work in Appendix A entitled, "A

Model for the Propagation of the Westward Travellling Surge" (JGR 89, AIO, 8941,

Oct. 1984). Paper 2, entitled "Pi2 Pulsations and Westward Travelling Surge"

(Appendix B), has been accepted for publication in JRGR. In describing our

previous research we will concentrate upon summarizing the major results and

refer to the appendices for the mathematical details.

-5-' ''1/~% %\4~~~~ %~



11.1 Proaeation of the Westward Travelling Surge

Steady state models of the WTS have been developed using preliminary ground-

based observations (Hughes and Rostoker, 1979; Rostoker and Hughes, 1979; Tighe

and Rostoker, 1981). A comprehensive static model of the electrodynamic

structure within the WTS was developed by Inhester et al., (1981). This model

is described in detail in Section 2 of Paper 1. Essentially, one can model the

WTS at a given instant of time as a Cowling conductivity channel in the

ionosphere. The channel is described as a slab aligned in the "east-west"

direction. Examination of Figure 11.1 above indicates that the slab

approximation is a reasonable one for certain aspects of the complex WTS

phenomenon (see eg., Figure IB and horn region of Figures IC and ID). Modeling

the surge head of Figures IC, D and E by a slab is clearly only a first

approximation. An improvement of this model is one of the research thrusts

proposed here.

Kan et al., (1984) have pointed out the importance of the degree of

ionospheric current closure on the poleward boundry of the enhanced conductivity

region associated with the WTS. Closure is governed by the parameter a, which

is a measure of th degree to which the net ionospheric current is continued into

the magnetosphere via field aligned currents at the slab boundries (see Section

2 of Paper I for more details). In our context strong current closure (a = 1)

implies full continuation of the ionospheric current into the magnetosphere.

-6-



In Paper I we develop a dynamic model for the propagation of the WTS. We

explicitly utilize the closure concept and incorporate it with elements of the

Inhester-Baumjohann slab model (Baumjohann, 1983). The motion of the WTS in the

midnight sector is considered to be controlled by three mechanisms. These are:

1) the energy and intensity of the precipitating electrons;

2) the electron-ion recombination rate;

3) the degree of current closure on the boundaries of the slab.

Both the closure parameter a and electron precipitation energy represent the

magneto3pheric input into the surge dynamics. At present these inputs are not

self-consistently incorporated into our models. A consideration of this issue

will be one of the important tasks in our proposed research program.

The main idea of Paper I can be expressed as follows (L. Block, private

communiation, 1985). If a Birkeland current moves (e.g., due to some

magnetospheric action) the connecting ionospheric current may encounter some

relatively low conductivity regions. This could demand a higher voltage from

the magnetospheric generator, unless the high conductivity region is able to

follow the motion of the Birkeland current. The field aligned Birkeland current

is itself an ionizing mechanism through the associated energetic electron

precipitation especially in the upward current region. Hence, as the upward

current moves it can give rise to a synchronous motion of the conductivity

channel provided it doesn't move to rapidly. One can derive some relations

between the Birkeland current intensity and the speed at which its footprint
'

-7-
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moves in the ionosphere. The validity of this approach depends upon the

assumption that one can obtain some relation between the field aligned current

density and the ionizing efficiency of the associated precipitating electrons.

This was in fact done in Paper I and a wave equation was derived. The velocity

of propagation is proportional to VdQH, where V is the magnitude of the total Ed

x B drift velocity and QH is the height integrated ionization efficiecy for

precipitating electrons at the conductivity gradient. It is a characteristic of

QH that the velocity is greatly enhanced when the average precipitating electron

energy increases from I Kev to 10 Kev. The variations of QH with energy are

shown in Table 1 and Figure 3 of Paper 1. As an example we note that a 10 mV/m

ionospheric electric field implies a propagation velocity of roughly 3.7 km/sec

for I KeV incident electrons with 10 Kev electrons will produce a velocity of 34

km/sec. Thus, in applying this propagation mechanism to our slab model of the

WTS we predict that jumps in the surge velocity will occur whenever there is a

hardening of the energy spectrum of the precipitating electrons associated with

the upward field aligned current region of the WTS.

The simple dynamical slab model of Paper 1 predicts a wide range of complex

phenomena associated with the poleward leap, WTS propagation and recovery phase "-
.

of a substorm. In this model the important parameters are the ratio of Hall to D

Pederscn conductivities, the degree of ionospheric current closure into the
'.

magnetosphere, and the energy spectra of the precipitating electrons. We will

conclude this subsection by summarizing the major results of Paper 1. These

are:

-8-. . . . . . S'a
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1) The direction of the WTS depends strongly on the degree of current

closure on the poleward boundary. The sensitivity of the surge

direction to closure depends on the ratio (R) of the Hall to the

Pedersen conductivities.

2) The magnitude of the surve velocity is sensitive to the energy spectrum

of the precipitating electrons and weakly dependent on R. The ratio of

the surge velocity to the measured drift velocity is independent of the

degree of closure at both the surge head and the northern boundary.

3 The initation of the expanse phase of the substorm can be explained by

assuming that the initial arc brightening arises from a sudden hardening

of the precipitating electron energy spectrum as its poleward boundary.

4) Inclusion of electron-ion recombination effects highlights the role of

the precipitating current intensity in modulating the surge propagation
.5-

and explains the equatorward retreat of the surge during the substorm -

recovery phase.

5) Details of the surge propagation depend on how the magnetosphere and

ionosphere are coupled as reflected by the quantities a and Q. Hence

the energy source is clearly located in the magnetosphere and a complete

description of substorm phenomena must take this into account.

-9-
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11.2 Generation of Pi2 Pulsations

The second major component of our previous research concerns an investigation

into the generation of Pi2 pulsations and their correlation with substorm

dynamics. As indicated above, the results of this work are detailed in Paper 2

which is reproduced here as Appendix B. As in the previous subsection we shall

simply summarize the important results of this research and refer the reader to

Paper 2 for specific derivations. To put our results into a coherent framework

we first list three important characteristics in the Pi2 waveforms. These are:

a) The appearance of Pi2 wavetrains is correlated with the onset of a

substorm.

b) The Pi2 waveform has a damped quasi-sinusoidal shape. The periods of

the pulsations fall between 40 and 140 seconds. Their duration is

typically on the order of several minutes. Figure 4 of Paper 2 shows

some representative data for the Pi2 pulsations.

c) The polarization sense of the waveform changes if one compares

observations inside and outside the regions of enhanced conductivity

characteristic of substorm activity.

Paper 2 refines the dynamics of the simple slab model developed previously.

To incorporate the generation of Pi2 waves we assume that the ionosphere-

magnetosphere coupling can be modeled by a transmission line. This approach was

-10-

-, . ., .', ,. - -. ." .. I', %' •. -*-P



first developed by Sato (1978) and takes into account the propagation of

transverse Alfven waves generated by perturbations that originate either in the

ionosphere or magnetosphere. In our calculation we consider the effects of an

ionospheric perturbation which occurs in the properties of the Cowling channel

used to model the WTS dynamic. The effect of the transmission line coupling is

to include the possibility of a feedback instability which can cause ionospheric

disturbances to be amplified. This instability mechanism was first introduced

by Atkinson (1970) and later refined by Sate and his co-workers. All previous

work, however, had been applied to the properties of quiet auroralforms. To the

best of our knowledge, Paper 2 represents the first attempt to utilize the

feedback instability mechanism in a theory of substorm dynamics. The major

results of Paper 2 are:

1) The use of the feedback instability coupled with the dynamical results

of Paper I yields a theory which ties the generation of Pi2 pulsations

of substorm onsets. In particular we have developed a perturbation

scheme based on a closed set of nonlinear partial differential

equations. To zeroth order our thecry is exactly that of the bulk

propagation of the WTS described in Paper 1. To first order we obtain a

dispersion relation which reflects the feeback instability mechanism.

The frequency and growth rate of the modes are shown in Figure 3 of

Paper 2. There it is seen that the frequency range is characteristic of

the Pi2 pulsation.

-11-
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2) The frequency and growth (or damping) of the Pi2 waves is a function of

WTS velocity. From Paper I this implies that the properties of Pi2s

depend on the characteristics of the precipitating electrons associated

with an enhanced conductivity region.

3) In Paper I it is found that the slab propagates only if the field

aligned current exceeds a critical threshold wherein ionization

dominates over recombination effects. For parameters characterizing

substorm conditions the critical current value is on the order or

5,uAmp/m 2. When the current threshold is superimposed on the wave

characteristics of Paper 2 it is found that the Pi2 modes are damped in

agreement with physical constraints. This result will be discussed in

more detail in Section IV.2.

TN
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A unified model is developed for the propagation of the westward traveling surge (WTS) that can
explain the diversity in the observed surge characteristics. We start with the Inhester-Baumjohann model
for the surge region, which implicitly includes both the Hall and Pedersen currents. It is found that
precipitating electrons at the conductivity gradient modify the gradient, causing it to propagate as a wave
front. The velocity of propagation is directly dependent on the ionization efficiency of the precipitating
electrons and therefore increases dramatically when they become more energetic during substorm onsets.
For example, we predict that when the incident electron energy changes from I keV to 10 keV the surge
velocity should increase from 2 km/s to 34 km/s. The direction of the surge motion depends on the
presence of polarization charges on the poleward surge boundary. This is related to the efficiency with
which the poleward ionospheric currents are closed off into the magnetosphere by the field-aligned
currents. Inclusion of the electron-ion recombination rate modifies the surge propagation velocity and
leads to explicit expressions for the conductivity profile. Sufficient precipitation current is required to
overcome electron -ion recombination in order for the surge to expand. When the precipitating current is
less than this threshold the WTS retreats. Therefore, the model describes the ionospheric response to
both the expansion and recovery phases of the magnetic substorm.

I. INTRODUCTION Hughes and Rostoker [1979], Rostoker and Hughes [1979),
The westward traveling surge (WTS) is a primary signature and Tighe and Rostoker [1981) using primarily ground-based

of substorm onsets [Rostoker et al., 1980]. In simplest terms observations. By incorporating STARE data, Inhester et al.
the WTS represents the westward electrojet as it expands [1981) have developed a comprehensive static model of the
westward starting near local midnight during the substorm electrodynamic structure within the surge. Kan et al. [1984)
expansion phase [Tighe and Rostoker, 1981]. Figure I shows a have pointed out the importance of ionospheric current clo-
typical WTS profile as measured by the DMSP satellite F-6. sure on the poleward surge boundary. Using static conduc-
In this example we see evidence for multiple surge structure as tivity models they show that closure is responsible for the
described by Rostoker et al. [1980]. Note that the shape of the westward intrusion of highly conductive regions. In the pres-
WTS is similar to that of oceans waves where the wave crest ent dynamical model we explicitly show how closure deter-
corresponds to a surge head. A more detailed examination of mines the surge direction and, in contrast to their conclusions,
the surge reveals several characteristic features of the phenom- find that the surge speed does not necessarily depend on the
ena. These include the following: (1) The surge moves in dis- time rate of change of closure.
crete jumps or steps [Wien and Rostoker, 1975; Pyte el al., In this paper we develop a dynamic model for the propaga-
1976]. (2) Instantaneous velocities of up to 30 km/s have been tion of the WTS. As shown in the next section we explicitly
observed in the leading branch of the westward electrojet [fp_ utilize the closure concept and incorporate it with elements of
genoorth et al., 1983; Yahnin et al., 1983, G. Rostoker, private the Inhester Baumjohann model [Baumjohann, 1983]. The
communication, 1983). However, a typical surge velocity is on motion of the WTS in the midnight sector is considered to be
the order of L.O 2.0 km/s [Pytte et al., 1976]. (3) The energy of controlled by three mechanisms. These are (I) the energy and
the precipitating electron flux associated with the surge region intensity of the precipitating electrons, (2) the electron ion
is usually in Ihe keV range [Meng et al., 1978]. (4) At the head recombination rate, and (3) the degree of current closure on
of the surge there exists an intense upward field-aligned cur- the poleward boundary of the surge. Closure is governed by
rent carried by energetic precipitating electrons. This current the parameter a, which is a measure of the degree to which the
is concentrated within an area of at least 100 km x 100 km net ionospheric current is continued into the magnetosphere
(I x I ) with an average intensity of 1-10 uA/m' and can be at the poleward boundary (see discussion near equation (2) for
modeled as a line current carrying - l0s A (Inhester et al., more details). In our context, strong current closure (a = 1)
1981. The slab model developed in section 2 can be applied implies full continuation of the ionospheric Hall current
to both the surge head and to the western precursor region. system into the magnetosphere via field-aligned currents. Both

Steady-state models of the WTS have been developed by 2 and the precipitation energy represent the magnetospheric
input to the surge dynamics. The mechanisms describing these

rhis paper I. not subect to U S. copyright. Published in 1984 by parameters are outside the scope of the present paper.
the American (eophyscat Union Upward field-aligned currents in the WTS are most intense
Paper number 4A0864. where the conductivity gradient is largest. These currents are

8941 v
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8942 ROTHWELL ET AL.: PROPAGATION OF THE WESTWARD TRAVELING SURGE

carried by precipitating electrons that modify the conductivity a > I overclosure (i.e., a negative polarization charge on the
gradient through enhanced ionization. A wave equation is northern boundary produced by excess Birkeland currents).
derived for the propagation of the conductivity gradient. The We define a coordinate system as shown in Figure 2 such
phase velocity is proportional to VdQH where V, is the mag- that the z axis points perpendicular to both the current
nitude of the total E x B drift velocity and QH is the height- channel and the earth's magnetic field. The x axis points
integrated ionization efficiency for precipitating electrons at parallel to the current channel. When applied to the westward
the conductivity gradient. This velocity is greatly enhanced electrojet the x coordinate is approximately west and the z
when the average electron energy increases from I keV to 10 coordinate north. For simplicity, in the following model we
keV. For example, a 10 mV/m electric field implies a surge define x as pointing due west and z as pointing due north.
velocity of approximately 3.7 kms for l-keV incident elec- The precipitating Birkeland current is the divergence of J,
trons, whereas 10-keV incident electrons will drive the surge at as given by
approximately 34 kms (see Table I for details). We see no
direct connection between this propagation mechanism and =

that based upon an ion-acoustic wave as proposed by Kan et = -EO YH/i z (2a)
al. [19841.

The effect is to produce jumps in the surge velocity when- where a is the coupling parameter defined above. A meaning-
ever the precipitating energy spectrum near the surge head is ful x can only be defined where there is a conductivity gradi-
sufficiently hard. As shown below, it is even possible to have ent. To be more precise, consider current conservation across

abrupt northeastward surge motion if there is overclosure at the boundary.

the poleward boundary (i.e., 32 > 1). Thus even this simplified
model provides coherence to the diversity of observed surge f dz = -EoV('olz)H(z)) dz (2h)
propagation characteristics.

In section 2 the simplified model is developed for the WTS If a = const. within the boundary region (z,  z ! <2), then
v,here electron ion recombination effects are ignored. The
magnitude of the surge velocity and its direction are derived. jl dz = ZJH(:) (2c)
In section 3 we investigate the role of electron-ion recombi-
nation effects. We find that the recombination rate modifies This is another way of expressing the overall current conti-
the surge velocity, determines the conductivity profile at the nuity at the northern boundary. An 2 < I implies the presence
boundary. and is responsible for the retreat of the enhanced of positive polarization charge. We associate jll with the flux of
conductivity region and the associated electrojet during the precipitating electrons through the relation il1ie. This assumes
recovery phase. that the precipitating protons are not important in the surge

region [Akasofu et al., 1969] and that the dominant current
2. A MOE.L FOR THE WESTWARD TRAVELIN(G SURGE carriers are energetic (keV) electrons [Meng et al., 1978; In-

hester el al., 1981]. This is consistent with the observed en-
Wc start with the slab model for the WTS near local mid- hancement of keV electrons observed during the passage of

night is given bN Baumjohann [1983] and as shown in Figure the WTS [Opgenoorth et al., 1983]. For simplicity we shall
2 In this section we only consider the motion of this slab. The ignore possible spatial variations in both 2 and Eo. The ratio
results will be applied to the WTS in the discussion section. of the Hall to Pedersen conductivity (R) is considered to be a

r clarity the stated propagation directions are defined for function of z only.

the WIS occurring in the northern hemisphere. An effective In the following derivation we recognize that precipitating
-cstward elec:i. . F_ in the surge region drives a north- electrons through ionization modify the conductivity. The

vard Hall :urrcni rhis electric field is composed of the large- electron flux.jite, may consist of electrons that are accelerated
scale coniection field and that produced by negative charge at higher altitudes through field-aligned potential differences.

In that case ji,/e is the flux of accelerated electrons incident on
the ionosphere. The local time rate of change of the Hall
conductivity is

currcnt ,- (eHB)(n it (3)

1HEo (I where n is the ion density that is related to the precipitating
. h n't nspheric current reaching the northern electrons through the ionization efficiency Q [Rees, 1963: Ja-

)UI-t, ni.1' he2 unequal to "H depending on the presence of sperse and Basu, 1982]. The local time rate of change of the
rund,,r% p l~iriaion charges as indicated in Figure 2. This ion number density is given by

I tdar y potlri/aton charge produces a southward polariva- , i = - 7 (4)
!:, clecti ic fL.l. I.. , s shown in the figure. This electric field

' , r;,c to an .,)ciaied Pedersen current. J, = ,t. Thus. where here Q is the average number of tons produced per
mhe net ion,.spher,c currcnt reaching the northern boundary is incident electron-m and I is the appropriate height interval

S.' r z !,,E,, Y,E, = 2JH. where the parameter a is for Q and a, is the electron ion recombination coefficient in
mciiurc the p(tIrization charge at the slab boundaries. It the ionosphere. (The unit ions,electron-m when multiplied by

.al , wca,,urc of the degree to which the net ionospheric the unit for flux (electron'm'-s) becomes ions m s. the ion
er,' - losed int, the magnetosphere by field-aligned cur- production rate per unit volume). Equation (4) is general in

S.,urming to ionospheric current closure outside the that an average Q can be defined for an) incident spectrum.
ani indctermincd parameter in our theory that re- The ionization rate is then this average Q times the total

, ,,re magnetosphere coupling. The value incident electron current providing the net backscattered cur-
. . . " .. ,rc the value x = I full closure and rent is small. For example. the presence of a parallel electric
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.4.

Fig. IThe aurora as photographed by the DMSpF6 satellite on Januajry 17, 1983 A small westward traveling surge
(~ WTSI is hbserved in the ceter of the photograph follimed by a significantly larger oine to the east. The overall shape of a
surge is similar to, that of in ocean %jic %here the wave crest corresponds ito the surge head, In our idealized model the
surge is represented ais a slab is sho~n in Figure 2

field will effectively eliminate any upward electron current equation is solved below in section 3. There we show that the
contribution [Ftans, 19741 If Ave assume that only the ener- simple approximation is valid if jj > 3 uAim' when E,,, > I
getic component tkeV electrons) carr the pairallel current keV The sign in front ofj, in 14) indicates that positive cur-
then the Q in equation (41 is identical to the Q I defined by rent is flowing away from the earth. Combining (2H4) we
Rees [ 196 3 1.oti

We initially treat the limiting case where I Q .' e,n' in
order to illustrate the physical principle, inisisei I he full iE t=--lQHE.O2)1B0it'i": (5)
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Fig. 2. Idealized model of the WTS as proposed by Inhester et al. [1981]. The total external electric field Eo drives a
westward Pedersen and a northward Hall current. If the northward Hall current is not fully continued by field-aligned
currents into the magnetosphere polarization charges build up on the northern surge boundary producing a southward
directed electric field E . This southward electric field produces a Hall current in the same direction as the Pedersen
current from the original electric field E0. This affects the direction of the surge motion as described in the text. Negative
polarization charge may also build up at the surge head due to intense electron precipitation [Inhester e al., 19811. This is
treated in our idealized model by allowing a renormalization of Eo . In our coordinate system, z points perpendicular to E0
and x is parallel to E0, which approximately corresponds to north and west.

which is a wave equation with a phase velocity given by From the above definition of J. we have

V QH21Vi  (6) Ji, = (0 - X)Ju

and where I' = E 0 . Note that (5) is also invariant under the 1,E,, = (I - x)lHE o
Galilean transformation YH = YH(Z'),where z' = z - Vt.

Figure 3 shows the estimated variation of QH with incident Substituting this expression for E. into (7) leads to an z-

clectron energy as taken from Figure 2 of Rees [1963]. From dependent Cowling current

this figure it is seen that a 1-keV monoenergetic precipitating J= {I + R2(I - z)}EoT_ (9)
flux implies QH n: 10 and for a 10 keV flux QH _- 90. Thus,
when the energy spectrum of the precipitating electrons hard- where

en- the boundary velocity can increase by factors of 10. Meng R = 1,/Z,
e' al [1978] have measured a very hard precipitating energy
spectrum in the surge region. We argue that the surge velocity The precipitating current at the head of the surge is
is related to the production of energetic electrons connected j I + R2(l (10)
%ith substorm onsets. According to this mechanism the surge
'-locais should increase dramatically during substorm onsets ,= [I + R2(I - t)EoIR]0H/x

as has heen observed by Samson and Rostoker [1983). where the x axis is in the westward direction and R is con-
We now consider the western boundary (i.e., the surge sidered independent of x. Note that at the northern boundary

headi The dynamics of this boundary is connected to the it was not necessary to assume R conttant in deriving (5).

propag,:!'in of the poleward boundary through closure. That

, a ,l, imphes a large E. which drives a westward Hall Therefore, EP (equation (8)) may also be a function of z, and
'ii reit that adds to t.i. Pedersen current driven by E0. The our model implicitly allows polarization charge along the

Stht addtot. den current drivenibyenyTh northern boundary. A wave equation is now derived for the
wcqtward current is given by western boundary associated with the surge head just as for

J. = E E + 1HE, (7) the northern boundary. The resulting phase velocity is

V.- =QHVJ{I +R 2( -4 R (11)

I NiI I Height Integrated Ion Production (Q1l) From We now assume that the surge head region will propagate
Prcopitating Electrons in a direction determined by the vector sum of 1, and 1... The

direction of the resultant surge velocity based on this idealizedV,,, kmis

Q. Qll. (3t = I, R = 3.0. model is given by
, i. km ions c .m Ions e E = S mV,.m) at

__ ______________tan I' V= 1 7R I + R (I -42) (12)
' I2i i(l' t O 37I 3.0 where 0 corresponds to due west motion. We see that the

10 ' 49 18.7 direction of the surge is highly dependent on the degree of
1 Ii 400i 150,0 closure on the northern surge boundary and the value of R on

the western surge boundary. For zero closure (x = 0) the surge
' ,- r.i- diction QII) from precipitating elec- moves due west. Fo, omplete closure (2 I) the direction is

" ., • I M: .i 11n o1 iiiliden, electron energy These values

...............mici rn f gure 2 _in the article by Rees [1963]. The almost due north [tan , = R 3 , 72 ].
.;,li ,r -h 'e. ncr'.il IIt cstirnated at the maximum value of The sensitivity of y, to 2 is modulated by the magnitude of

1 r. 'cit o,- ni, ire o'nidered to he isotropic, mon- R. A detailed plot of -,,, versus )t for sarious values of R is
, , ,-i- h, rc~uli , ire plotted in F-igure 3 The parameter shown in Figure 4. Note that the surge direction can range

t Tt-. f :,,,, lf, tirl the poleward Hall current closes into from due west to northeast, where the latter condition will
.- ,phv k - :h , of the Hall and Pedersen conduc-

- h rurd is e equation t15)) electric field in the arise when there is significant overclosure (x > I) during
c . 1 ,., 0 urge .elocity as defined in (14). periods of intense electron precipitation
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Fig. 3. Height-integrated ion production efficiency in the ionosphere for incident precipitating electrons. More ener-
getic electrons produce a higher ionization density near the end of range. This curve is for an isotropic, monoenergetic
incident beam and was taken from Figure 2 of Rees (f963]. Errors up to a factor of 2 could arise from erroneous
estimation of the appropriate height interval from Rees' Figure 2. A reasonable fit to this curve is QH 5 E'2 ions/tinci-
dent electron).

DIRECTION OF THE WESTWARD TRAVELING SURGE Vs
CLOSURE ON THE NORTHERN BOUNDARY
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current closure on the northern surge bo)undary The value 2, = I implies E. - 0. Also a larger value of 3 implies a more
iense precipitating current with 7 :> I correiponding to a negative rather than positive charge buildup on the northern

boundary. The sensitivity of the surge direction to 7 is dependent on the ratio of the Hall to Pedersen conductivities at the '
western surge bo)undary, which we denote by R, Note that y., L- 45, corresponds to 2 - 0."-.9.

j -21-
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The magnitude of the total slab velocity, V,, is found from LH. has the same value as the conductivity inside the surge
, = V.' + V,'. Clearly, the resultant motion of the surge head.

head is more complex than that indicated by the simple slab The assumed constant velocity V can now be expressed in
model treated here. (See discussion for more details.) Note that terms of the conductivity gradient at z' = 0. To see this we
the slab velocity P,. can be much larger the E x B speed and is first take the derivative of (20) and evaluate it at z' 0 The
in a different direction From this definition of V,, and equa- resulting expression is
tions (6) and (1I) we find that '= (V - ( ) (211

V, = {a 2R, + (I + R2(I 2 (13) where EHo' is the value of the conductivity gradient at z =0.
iR The physical meaning of (21) is made clearer by using equa-

Using the identity 12 = (1 - 0)[ - I + 22 in V,., one finds (see tion (2) and solving for V. We hnd

appendix) that the total slab velocity can be expressed simply = - 5"2j. (0) (22)

We have previously shown that V, increases dramatically asV.,QII I + LR 2:' (14) the incident energy spectrum hardens The recombination

',,ich is independent of x and where V, is proportional to the term is independent of Q and, therefore, V also increases in the

total P, x B speed as given by same manner.
Evidently, the slab boundary will not move poleward unless

1' , = VaE 
2  - E P 2 ,2 t1 2/ (15 )

j,(0) > G
6

He 2EO,
, 

V. = a,n2eQ (231
Taking a, t 10-  in' s [Walls and Dunn. 1974]. n = 3

",, 1d: I' + R ( - 2)2 2 (16) x 10" ions in', and Q = 5 x I0 ' (electron-m) I (En = 1

i ha, b.n noted by Opyenoorth et al. [1983] that the keV) we find a threshold current of 2.9 pA in'. This value is
dwithin and south of the auroral forms consistent with typical auroral current densities, : ith rhi passage of a WTS was typically below the The precipitation current, therefore, must exceed some mini-

i ro-,hi,!i t - I5 m%, rr) of the STARE radar. This gives an mum alue for the surge to propagate. Equation (22) also

the elocty p, of 0.375 km's. For that if the current is below the threshold value the

it-c.iii :41, to, equal the measured surge velocity of 2.0- 3.3 surge will propagate in a negative or equatorward direction.
1,m , Q/I muit be. therefore, on the order of 10. This implies This, we believe, describes the ionospheric response during the
'i.,m t-ie:re 2 that the mean electron, precipitation energy was recovery phase of a magnetic substorm. The diminishing pre-

r C order of I ke, .hich is consistent with observations cipitation cut rent cannot sustain the high conductivity against1tic order, .,, kc,I9 3]. More comprehensive auroraltions electron -ion recombination and the surge head retreats.

- , tec3ed to simultaneously define the parameters Equation (17) can be solved at the western slab boundary in

.: r., ,dcl exactly the same way. except now I is replaced by 1'. as
defined in (II) The resul';ng efTective .elociiy depends on the

SI s ( 0 EI H ! RON IoN RL(oImeINATIoN conductisity gradient at the western boundary. The conduc-
tivi y gradients, therefore, must also influence the surge's di-

T-i tti,, t ,ion Ac intlude the effects of the electron- ion recction of propagation as derived in section 2.
-- , nation rate on the WTS One exact solution to (4) can It should be emphasized that 117) could be solved because

- . ,'.:,.w K,, '-,,mng an ionospheric magnetospheric cou- we assumed a specific ionospheric magnetospheric coupling
............ .... . V, , 'It. a cnsiant. The equation for T, such that a stationary solution wvas possible in a mo'ing frame

Crfl o Ida' IS n0o0 of reference. No doubt the dynamical nature of the coupling is

SH V, G- - 2 (17) such that the conductivity profile is probably nonstationary in
all frames of reference iowever, the present theory qualita-
tively explains much of the surge phenomena b, using pres-

S= aB eU 118) ently available data.

,, , It I N dtli r'Cd I n (6. 4 Dist t"Sl si

'6c 10- ok hr I ,olution to 11 71 that is stationary in a It has been observed that the WIS moses in i series of
.in,-,e -,te::, moing with a velocity I relative to the discrete steps or jumps [It jen, and Ro.,t,kr. 1975. Plltr, (I

rt,' ,rlacc \c,:ordingly, Ae make a Galilean transforma- al. 1976] This result led Rostk'r 'r il [ 19S0] to deline a
,- I i, allos 17) to be rewritten as magnetospheric substornt as allowking a scries of multiple

S -(19) surges during the expansion phase Fach Surge corre,ponds to
an IndilIdual sub.,orm onset that on .i tinc a.erage hifts the

i and , i': Note by definition that maximunt poleward expansion northscSi%,,id In the present)i. ,olel , finit lion of in the moving frame of reference model each surge correponds it, i tentporil ,ii dening of the

, .; I.-refe'rC. LHI: I is I',ationary in this frame. The solution precipitating electron flux energy Spectrum Ihis temporal

hardening is related to the substorm onset processes in the

-,V ( ,, 1 l - 5" (20) magnetotail and the generation of parallel electric fields which
is outside the scope of the present work

L,, ,,01 Hence. choosing 7 = constant implies that Samson and Rostoker [1983] noted the presence of associ-
.t,' proftle IN hyperbolic in the moving frame. We ated Pi 2 signatures with the V IS Ihe surge marks the Iran-

0 :iv ,,%here the boundary region joins the main sition from equatorward to poleward type Pi 2 polariation J
it -1hr'ter Baumjohann model. Therefore, signatures. The elliptical polarization of the Pi 2's is con- i.
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sidered to he "t,,ued hs the longitudinal expansion of field- drift velocity, is in dependent of the degree of closure at both
aligned currents in fihe surge together with the conjugate re- the surge head and the northern boundary.
tiection of ield aligned current pulses. We suggest that the 3. The expansion phase of the substorm is explained by
satuc enhainced field-aligned current produces, a jump in the assuming that the initial arc brightening arises from a sudden
.,urge %elocits, as predicted by the model presented here and as hardening of the precipitating electron energy spectrum at its
observed bv It wis and Ro.sroketr [ 1975] and Pitte et al. poleward boundary.
t l1(1 4. Inclusion of electron ion recombination effects high-

The surge head may at times break tilf froim the main body lights the role of the precipitating current intensitN in modu-
forming a separate surge (See Figure 13 in the paper by lating the surge propagation and explains the equatorward

anuinson and Roisioker [ 1983 1.) In terms of the present theory, retreat of the surge during the substorm recovery, phase.

once at new conductivity gradient is established betsseen the 5. Details of the ;urge propagation depend on how the

etiergy spectra of the precipitating electrons at the westward functional lOrtti of z and Q. Hence the energy source is clearly
head of the separate parts. [he propagation of each part can lcoated in the mnagnetosphere and a complete description of

PIS be described byv modeling them at. a separate slab. Inslanta- substorm phenomena must take this into account
neous s.elocities 01 Lip to 310 ksm , base been observed at the
leading branch of the western elecitoet [Opcientorih et al., APPILtDtX
1983~ 'G. Rostoker. private communication, 1983]. This Equation (14) is obtained from 113) by using the given ident-
branch can be considered as a separate slab with its own its. The intermediate results for the bracketed term in 113) are
model parameters. Westward velocities of 30 km s wvill result
from 0l1)if weassume f,==l1 2 Vm 0, R 3,and the (I 2) 2 R 2 

, 4-R
2 +R 4 (l Xl

incident electron energy to be approximately 5 keV. The = fI 2 l2 R'[l + R'21 I + R
higher westward selocities at the same precipitation energy
are due to the additional R factor in V., which arises from the = I + R')[lI + (I - x12R2] (Al1)
enhanced Cowling current when )c 0. Yahni r i t. [1983] Comparison of this expression with 116) immediately gives
note that a harder precipitation energy exists inside the surge (14).
in co~mparison with outside the surge region which is consis-
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PI 2 P~ulsations and the Westward Traveling Surge
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LARS P. BLOCK

"A.5r~Is'i ~ Plasma Ph Iso, s. R,11sa Institute ,lIeihnslo q l, Sio khit

A model is dkeclopcd thit relaics the polessard leaps of the vestvaril traveling surge (W iS) and the
generaiion of Pi 2 pulsattion, The feedback instability developed hi Sato and costorkers is cotmbined
\kith the d ntmi, 'urgi: mordel tif Rothwell et at 1 19841 We lid that our presiotis results on the motion
of the WA S are relaitedt to, the 7erti-order terms in the Satoi formulation. The lineariaed first-order terms
gite rise to adisresion relation with solutions in the Ft 2 frequency range The Ith frequency. to. is found
to be tuined oin in integer multiples of oine-half the Alfven bounce frequency between the ionosphere and
the plasma, sheit Most important, hokkeser. is that the 1th frequency is turned otn only when the
precipitating electron energy exceeds a certain value. As previoiusly shown, the velocity or the poleward
sUrge botindars also increases when the energy of the precipitating electrons is enhanced. Therefore the
pirleisard leap of the surge during substorm onsets is accompanied by the generation of higher Pt 2
frequency conmponents. The time evolution of the composite Pi 2 pulse is obtained using the calculated
decay rates, arid agreement with data is shokon.

IN rRi5D(KTtO)N Causes of the observed east-west north-south transitions in

A recent re'.ie\w of Ili 2 pulsations and substotm onsets has the Pi 2 polarizations are an open question. According to

been given by Iiitmjohaitn ano tS assmeicr (19841. Ont the P"asltin eo al. [ 19K21. the Pt 2 current system is primarily lo-

basis of pre\vious work by' Rostokesr andi Sarntsort [198 1] and cated in the upward current at the surge head, and the west-

Samson and Rosrokr (1983] there is clearly an observed re- ward movement of the surge causes linearly polarized AIIfvin

lationship between the itestuvard traveling surge (WTS) and waves to appear ellipttcatll polarized on the ground. Samson

*the generation of Pi 2 pulsations during substorm onsets. In [(19821, o n the other hand. explains the observed polarization

*particular, the WIS marks the longitudinal transition from patterns in terms of a longitudinal distribution of oscillating

the eNuatorward to poleward Pi 2. A poleward Pi 2 exists current sheets. Lester et al. (2983. 1984] interpret the mid-

within the surge head and to the east. An equatorward Pi 2 latitude Pi 2 pulsations as arising from the field-aligned cur-

predonminates equatorward and to the west of the surge (Ros. rent. that form the substorm current wedge. Ellis and South-

toker anid Saolson. 198 1] The maximum intenstties of the Pi 2 ssoOi ( 1983] have examined the reflection of Alfven waves

pulsations were found along the equatorward boundaries of from ionospheres with a discontinuity in either the Hall or the

the elcctrojets~ This led Rtsioker and Samson [1981] and Pedersen conductivity. The reflection properties of the Alitiln

Samon a,,ie RossoAer [1983] to suggest that the resonance wakte depend not only on the discontinuity type but also on

it-giisi of flt.e fit " piis";1tiiii is locali/ed within the surge the orientation of the incident electric field vector. In two of

regioni and is Ci nst aitied it) ernititi oii closed field lilies Rios- rIte fiiir case% stuietd, the tfeld-aligned current sheets act ais

ltoker andi Niioissu 119811 also suagem that the I larantg dis- subsidiarty sirface waves, cetttered orn the field lines connected

continuity is the energy source region for the Pt 2. Sainson and to the disconttnut. The subsidiary waves are circularly polar-

Harrold [ 1983]. using the tUni'erstty of Alberta magnetometer tied arid suppress' any net flow of Hall current across the

chain, found that within the WTS the Pi 2 polarization pal- discontinuity. Glassmenier (1984] has extended the work of%

.4 terns are clockwise (M) ais stewe-d downward. On the other Ellis and Southuwood to include arbitrary distributions in the

hatnd. Lester el, al. [1984] found with the mid-latitude Air height -integrated conductitsity. Recently, Southwood and

Force Geophysics Laboratory (AI:GL) chain, at the same Ion- flltilies% (19853 have suggested that two oppositely traveling

gitude hut eslualosr\%ard. that the ptilari/aliont ellipticits is pre- cast-sscst suirface waves parallel to the conductivity gradients

dominantly counterclockwise WC)l. These results are coniss- could else a contbined smemil that reproduces many of the

tent with tile fatct that CqumaIttirstard atnd poleward of the WTS obserse'd fcetures of the Pt 2 pulsations. An important unre-

the polarizaitions are counterclockwise while far to the east solsed question is the relation of the Pi 2 current system to the

and wcst of the WTS they, are CW. The Pi 2 polarizations o'ts-rall current system that forms the substorm current wedge.I relatise to tlite "fS mire therefo~re quite complex It is assumed that the inittal diversion of the cross-tail cur-
rent is carrted by a Irmnsterse Alfscn wake (Riauntjoitunn and
(lssmni'ir, 1984]. The subsequent reflection of the wave [Ala-

Copyright 1986, bs the Amer i,,in 6cosphsIcal t nion 11f, tAri'ih and (ut/sion. 19i'S. Nriti 1979. Kan el al.. 1982]

* Paper number 'AS") I hct skeeci thle coinjtigate tottispheres miid the tggertng of sec-
* ttt04X9t1227!8, tXtSA-K79311(1 iindark Allven was" in the isnosphere [ %fasitset to al.. 1974:
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POLEWARD BOUNDARY

- NUi E0  JH

,,, Ep d

p JpP

I Ig gtiahcd iiodi,.l of tIe W IS a, .i opo ,d by Inhe,t'r ,it al 1 1951 I tie 11 it idall It ct I,'iit held I., ., I,,
we,l,%ird t'edi 'I'li, lld .IIffliwaiid Kllt i crrew If the northwaid tall (turcill 

1 , 
ms (,Ii bittV ' 11111id 6ii htcl-tigtii.d

currents into th magnelosplierc, polari/ation i charges build up on the polcward %urge bouindr , prduciig iouihit id
directed electric field L,. This southward electric field produces a H all current in the same direclion is the I'edersen
ctirrent front lhe original electric held E,,.

Tanto and .ira, 1982] both contribute to the Pi 2 pulsation [1970]. The feedback instability was originally developed for
time prolilc. As pointed out by Baunjohann and Glassmeier the quiet arc, which has a much larger extension in tile east-
[19S4], it Is, important to treat the ionosphere as an active west direction than in the north-south direction, similar ito the
part of the tonosphere-magnetospheric coupling rather than surge region. A downward field-aligned current on the cqtia-
just a reflecting boundary. torward edge of the arc closes Via a northard Pedersen cur-

The purpose of this paper is to relate Pi 2 pulsations to the rent to an upward field-aligned current on the polewaid
dynamics of the westward traveling surge (WTS. A dynamical boundary. According to Al.inson [ 1970] a local ionosphcrit
surge model has been developed by Rothwell et al. [19841 conductivity enhancement causes a local decrease of the cle.-
using the Inhester-Baumjohann [Inhester et al., 1981; Bauntjo. tric ficld. The resulting divergence of the magneiosphcric po-
hann, 1983] representation. Here the feedback instability larization currents produces precipitation that increases the
analysis [Sato and Hlolzer, 1973; Hfolzer and Sato, 1973; Sato, original conductivity enhancement. If one visualties a north-
1982] is applied to the lnhester-Baumjohann model of the south ionospheric wave in the model in Figurc I. then one will
WTS used by Rothlwell er al. [1984], hereinafter called paper have periodic conductivity enhancements which could lead to
I The equations are linearized in the standard fashion, and it multiple arcs. The analysis for the quiet arcs as given by Sato
is shown that the zero-order terms recover the poleward and Holzer (1973] and Holzer and Saol [1973] is similar to
motion of the surge boundary as derived in paper I. The the analysis presented here. In their analysis, active and pas-
first-order terms give rise to a dispersion relation for the feed- sive ionospheric regions are conjugately connected by the
back instability. This relation is solved for the allowed fre- same field line. The active ionosphere acts as an ac generator
quencies and their associated growth rates. It is found that the which produces an Alfven wave that is damped in the passive
number of frequencies generated is related to the speed of the ionosphere. Salt [1978. 1982] dispensed with the conjugatel.
WTS boundaries. The resulting composite pulse shapes are connected active and passive ionospheres and required thal
shown to be very similar to those measured by Singer et al. the Alfven waves reflect upon reaching the equatorial plane
11985] at mid-latitudes. The physical picture presented is that Sato 11978] also notes that the theory of quiet arcs must he
thLe initial precipitation caused by the onset in the magnetotail self-consistent with the presence of a westward electric field.
triggers the feedback instability in the coupled ionosphere- This is also at feature of the WTS as seen in Figure I
magneto.,phcric , ,lea. thereby producing Pi 2 pulsations The feedback instability Aorks because electrons tend to
[Baonjohann and Glassmneier, 1984]. In the next section we flow toward the positie part of the potential perturbation
relate the feedback instability to the Inhester-Baumjohann along the field lines. The inductive reactance of the mag-
WTS model netosphere, however, causes a phase lag in the precipitation

such that it adds to the original ioni.atton enhancement, caus-
THEL IN~iLtfi -BAtIMJOIIANN MODEL AND ing the instability to grow. Should the magnetosphere have a

lIt. FFT-A(K INSIABIt.tIY capacitative reactance. then the precipitating electron flux Co-
[he lnhester-Baumjohann model is shown in Figure I. A incides with the vallic of the density distribution, and the

uniform westAard electric field E0 produces a northward Hall perturbation decays. The magnetosphere must have an induc-
current that closes into the magnetosphere via field-aligned tive response for the feedback instability to occur. By indue-
currents along the poleward surge boundary. If the precipi- tive and capacitative reactance we refer to the effective termi-
tation is insufficient to close of this Hall current, then an nated transmission line impedance for AIfvcn waves along the
effective polarization charge builds up along the conductivity magnetic field lines [Sato. 1982]. 1his work has bcen extended
gradient, producing a southward directed electric field This by Mitro and Saio [198)] to the global formation of multiple
electric field creates a southward Pedersen current opposite to auroral arcs.
the original Ilall current and a westward lall current that Tanao and AfMira [1982], Miura et Il [1982], and 7"arnt,
adds to the original westward Pedersen current driven by E'n. (1984] considered a nonunilorm magnetosphere coupling to

As led above, the Pi 2 current system and the substorm the ionosphere. Negative Joule dissipation In the ionosphere is
current system inside the wedge are not always the same. In accompanied by a growing oscillation and a1 outllowing
thi . per we initially assume that both current systems are Poynting flux from the ionosphere Damped oscillations occti
t;oho.ated. "hich is true approximately 65/, of the time Mien energy i, supplied from the tmagnetophere to the ino
II ,'srer et al. 19Nb I ,phere A large-scale unifoini electtic field in the Ionosphere Is

I he fi ,.-k Instability I Oqawa and Sato. 1971 : Sato and required to dri.c the gros Ing Iiist;l~lllt '

Ib, --,I. I') h s it, foundation in earlier work by Atiitn.soi Ii the present %tork the generation ol Pl 2 pilsatlios Is
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RorTHq Fi E AL..: Pi 2 P1 ISATONS AND WESTWARD TRAVELING SURGE (1923

considered as follows. The injection of hot electrons from the The northward ionospheric current component in the
plasma sheet during a substorm onset initiates the feedback Inhester-Baumjohann model is given by
instability in the ionosphere-magnetosphere system. This as- l +(
sumption is based on the satellite observations ol Saktirai and E
McPhe'ron [1983] that the Pi 2 burst is superimposed on a dc where 2, and 1P are the Hall an Pedersen conductivities.
shift in the azimuthal component of the magnetic field which respectively, and E is the electric field. The conductivities are
is caused by field-aligned currents. From their Figure 18 the normalized to their zero-order values by
Pi 2 occurs at the beginning of the dc shift. The parallel (pre-
cipitating) current is therefore considered to be decomposable YH 4 LHoN (4)
into ac and dc components. The dc component is the primary E, = 1:,N
injection from the distant magnetotail, and the ac component
arises from the initial injection transient and the feedback where 2r(, and Y-,,, are uniform inside the surge region and N

instability. It will be shown below that the number of modes is the height-integrated ionospheric ionization density normal-

that are stimulated is dependent on the energy of the zero- ized to the uniform density within the surge region [Sato,

order precipitation. It is argued that the feedback instability 19821. Now we similarly have for the westward (y) current

does not reach the nonlinear stage examined by Sato [1978] component

and .Mfiura et al. [19821 since the flux associated with i (de) J, EVE, - :,E (5)
raises the ionization level within a time lt (n,N,,) ', where o,
is the electron-ion recombination rate and \', is the zero- Equations (3). (4). and 15) are linearized as follows.
order ion density. After this time, electron-ion recombination
dominates, and the composite pulsation decays. E, =
Kan el al. [1982] consider the Pi 2 wae form to arise from E=, + 1y (6)

the superposition of the reflected and incident Alf,.n waves
impinging on a passive ionosphere. They neglect polarization A' I + N

and Hall current effects. Here, on the other hand, we consider where the values with overbars are of first order. E o is the
the natural modes arising from a self-consistent ionosphere- primary electric field that drives the substorm current wedge,magnetosphere interaction i.e., the feedback instability). and E,,, is the primary north-south polarization electric field.

Both E,0 and E,, are assumed constant inside the surge
F:)RMULI.AION O1- ItE-MODEL region. Now the constancy of N. and E, inside the surge

In paper I [Rothwell e' al., 19841 the solutions to the time- region implies that there is no net zero-order field-aligned
dependent zero-order equations along the surge boundary current closing into the magnetosphere inside the surge. How-
conductivity gradients were solved. On the other hand, in ever, there is still a zero-order energetic electron precipitation
Sato's [1982] theory the zero-order enhanced ionization den- that maintains the high conductivity inside the surge region.
sity No is taken as constant in space and time, which is consis- The current carried by the energetic electrons must be precise-
tent with the lnhester-Barumjohann model inside the surge ly balanced by a flux of upward flowing ionospheric electrons
region. of lower energy. In this manner a high conductivity level is

In formulating the present Pi 2 pulsation model we first maintained with no net current closure. The divergence of J is
connect the magnetospheric transverse Alfv n wave with the given by
ionospheric drift wave [laniao and Miura, 1982]. The Alfv~n
wave is probably kinetic. However, the perpendicular scale
lengths considered here are much larger than the ion gy- where J, is the zero-order two-dimensional ionospheric cur-
roradius so that the Alfvn dispersion relation is essentially rent. The ionosphere is considered a source of transverse
the same as in the MHD case. It is permissible, therefore, in Alfven vs so that (V X E)= = 0 [Malt-er et al., 1974] ex-the present context to use the MHD dispersion relation. An eludes magnetoacoustic waves in the ionosphere. The first-

Alfvn wave carries parallel current which is related to the order field-aligned current density is given by
divergence of the transverse electric wave field by

I V.-J J - 'VN - Y ,oV'- (8)

Z - . (I) VJ- -(1)We assume that the first-order current is being carried by hot
where Z, is the characteristic impedance of an equivalent electrons. Note that we have a coordinate system with the
transmission line terminated at both ends by the impedance upward current as positi%c, which means that we have a minus
Z,, and I is in the same direction as the ambient magnetic sign in the following relation,
field 8. It can be shown [see han ,i ,. 19821 that i and i
V - F satisf, the tr nlsission line equLlitioi S 1 982] S( 11 -11 (9)

used the transmission line analogy to impose the ionospheric and upon combining (8) and (9) we have
and equatorial boundar, conditions As ;ecn at the iono- an

sphere, the magnetospheric impedance is given by = -J 0 • ( - ZE ,t (10)

Z .Z,, cot (," "4) (2) Now the tirst-order continuity equation gives us

%,here V is the magnetospheric Alfven speed and I is the
length of the field line between the ionosphere and the equa- i,' <t - - QhJ eNo - 2i,,N (,I

tor. This expression also iissumes that j is zero at the equa- i = T, No h %
torial plane. Z,, is giNen by m .v. Then (I) holds at the iono-
sphere if Z in (2) replaces Z, in (It. where Qh is the height-integrated ion production efficiency
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[Rees, 1963]. The insertion of( 0) into (1I) gives * vi

, = -V • V,(ll - Zl:4o) - 279 (12) / .. ..

%%here the components of V are given by /CO// =i. R.3

= r l . , 1 3 ) / 7 0

1, = QhVf l + R'il - 7)],R 3 9

The parameter 2 is the closure parameter as defined in the //

paper by Rothttell et al. [1984], 1 is the E x B drift velocity r /
taken as z0.25 km s, and R is the ratio of the height- /
integrated Hall to Pedersen conductivities, which we take to r, o.05.6
be _ 3. These are the components of the surge velocity as ,
derised by Rothwell et al. [1984] without the electron-ion 0/ -R-3.

recombination term. This velocity term was derived in (12) by ,//0>
noting that / ..--.30 %.

QhJ, eNo 0  Qh tN,,(E . E) (14) / -

,,,re . N,, BO leads to equations (9) and (11) in the paper /0 .- /R-
h , Rjrthvtefl er al. rl19841. ID -- ---

It is assumed in the usual manner that 0
0 0 20 30 40 50 bc 70 80 90 '00 O

.t exp [i(k,x + kY.- Wui)] (15) cY_
Fig. 2. The parameter K' as defined in equation (19) in the text.

kherc ,V is considered complex (ni = ,J, + ivj,) and k is the This figure shows that except for almost zero closure (3 = O that "
,vector for the ionospheric wave. Taking X = 1:oZo cot It = ;( tdenoted by solid line%) is a reasonable approximation, This

I, 1. tin]. "~e have graph indicates that the north-south surge dimensions generally de-
termine the Pi 2 frequency characteristics

- wu ,, = -iV • kll + iX),(l + X2) - 22 (16)

%hich leads to ple, therefore, we set ;., to infinity and treat the north-south I

case. Note also that for larger 2 the Pi 2 pulsation frequencies
v, - Vk • (I + X 2) (17) are higher. The dependence of IV and R is weak.

1,i the frequency dispersion and As noted above, we solve for the inductive (X > 0 roots of
(17). The resulting values of wJ, are inserted into the first term

(0, = W'X - 2t7,No (18) on the right-hand side of (18) and plotted in Figure 3a. The
for the Lro th rate. characteristic north-south dimension of the surge is taken as

Sato f 1979. 1982] has argued that the maximum growth 500 km. and the quantities ToZ 0 and VA I are set to 10 and
rate occurs for X = 1. However, X is not a free parameter. 0.005 s ', respectively. Note that a mode is excited whenever
,ild its value must be consistent with the solutions to (17). I-or X = 0 or ,=(n + )irVA/l. This means that (17) has only

ach ,.duc of n in - 0, I. 2, one obtains two solutions to physical solutions for frequencies less than hi';.,. No%% the
-. ')nc root r'rrc, p ,ds to a negative transmission line value of 1.' increases with the energy of the precipitating deec-

rpedan the r i capacitatie reactance and is highly damped. trons [Rothwell et al., 1984]. Thus the energy of the zero-order

I he other root corresponds to a positive (inductive) reactance component (de) of the precipitating electrons controls the
it'4Z gives positise growth. This result is consistent with the number of excited modes as seen from Figure 3a. More ener-
v . If Sato [19781, In the following discussion we consider getic precipitation is associated with higher magnetic activity.
onlv the inductive roots of wo. Sakurai and McPherron r1983] analyzed Pi 2 magnetic ac-

link , in iew the substorm current wedge as forming a tivity. Sakurai and .'cPherron [19831 analyzed Pi 2 magnetic
hox hipcd region of enhanced conductivity. The ionospheric pulsations observed at geosynchronous orbit on ATS 6. They
"ascs associated with the Pi 2 pulsations partially reflect off found that as magnetic activity increased, the frequency spec-

the :.)ndkJtz1 itN gradients on the boundaries forming standing trum became more complex with more spectral power at
Aav c i n the _x and iv directions. In the following calculations it higher frequencies. This is consistent with Figure 3a in that a-

, :mcd that the waves are dominated by the fundamental larger V , is associated with more energetic electron precipi-
m,,,r. i e. the o aelcngths in each component are of the tation and faster motion of the surge boundaries. As seen from
,lml'i . rdcr ,s' the ,calc size in that direction. Figure 3a, higher-frequency modes are excited at higher

, the k V term in (17) can be expressed as (see (139 growth rates, implying a greater contribution to the spectral

12 n~QI , ) x + [I + R2(l )]power. Figure 3h shows the corresponding mode frequencies
for the same inputs as given for Figure 3a.

wr A, is the length of the surge wedge in the A horizontal line in Figure 3a would represent the damping %

,.- ti ,rectt n. and A., is the surge width i the north- due to electron-ton recombination. The net decay is the differ-
.,.cciion. Figure 2 shows a plot of the right-hand side of ence between this curve and the individual ii,.V curves. The

" ,riolp, %alues of -A and R. The long dashes in this present theory is applicable when the intersection of the V, ;.,
_iii the product -x. Note that for most cases, -,, Is line with the electron-ion loss rate is above the growth curves.

i .,;pio ination. which means that except for very If the intersection is below the growth curves, then continuous
Si, . ... r, i the north-south surge dimensions domi- growth is predicted, which, of course, is unrealistic. Therefore

Pi 2 IrequencN characteristics In the following exam- this latter case should be treated by a more sophisticated non-
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AFGL MWLEWTOWTEER NErTORK JLY 6/,979

C.,R*Th SATL .... H'IGH Pk% FILTEREO 00033 iZ

T ~~ "6"0,-'-

7 

7
_ 2 I

10,,

/x /A X

Fig. 3a. Growth rates for Y-,Z,, and VA 1 0.005. The north-
south dimension of the surge. ;,. is taken as 500 km. The growth rates LD .. --
(,j,X of the various excited frequency modes are plotted as a function TPA

of iI1' N'

electron-ion recombiation effects. The value of this ratio determines

the number of modes excited and the overall time profile of the re- 076 r or o 073 0740 oM7

suiting Pi 2 pulsation. A horizontal line equal it 2eir i would represent UNVER L TIME

wave damping due to electron-ion recombinationf -ig 4 AI-(L magnetometer filtered Pi 2 data taken m JulI 16.
1979 (courtesv H. Singer AFGLI

linear approach. The sensitivity of the results to the various
parameters is as follows. Higher electron precipitation energy recombination and hence enhanced damping. The faster
implies that higher-order modes are excited with faster growth growth rates dominate, however, so that the net effect is larger

rates and also that a higher ionospheric ionization density is Pi 2 pulsations at higher incident electron energies Higher

attained. These two effects tend to offset each other in the incident flux at fixed incident energy can lead to overdamping.

sense that a higher ionization level implies faster electron-ion Lower flux causes more rapid growth. Smaller values of VA /;,

(longer field linesl lead to the excitation of more modes shifted
to lower frequencies.

In the present model an external condition is needed to
0 - relate the zero-order electron precipitation flux with the elec-

tron precipitation energy in order to ensure damped Pi 2 pul-
- sations. We therefore took the results of Fridnian and Lernaire

[1980], who relate the field-aligned electron fluxes with the
associated field-aligned potential drops. The) consider five
sep.rate cases corresponding to different boundary conditions
in the plasma sh et source. It was found that aJ five cases
gave values for electron-ion recombination damping that were
ahove the growth rate curves shown in Figure 3a. The Ftd-
170tn wiih l.cmairc [19801 results therefore are consistent with
dimped Pi ' puliations as derived from the present model %

NOw,\ In equation (231 of paper I we found that the incident
l ,s along the poleAard boundary had to exceed some critical

,iluc In order for the surge to propagate. It turns out that this
critical flax exceeds the required flux level inside the surge
regi.,n to cause dampced Pt 2 pulsations Therefore from the
present \xork one expects damped Pt 2 pulsations associated
with polscsard surge rtosements This is an important consist-

en.v test between our theoretical approach and observatIonal

restilts
Fig. 3h Frequencies of the %arious modes for the same input pa- Figure 4 shov s a Pt 2 pulsation as measured by Stnqer ea al.

rameters as show q in I gure lI rt9S5], anti Figure s hoAvs the results of the present calcula-
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(0' W

................... ...............

(d)

Fig JThe resulting model Pi 2 pulkatin time profile based onl the example shown in Figure 3a. This is a linear
superposlllion of the indhidual model assuiig all are initially excited with ais equal but arbitrary amplitude. Figures
3., 5d are the results for incident energies of 2 keV, 4 loeV. 6 ke,!V and 8 loeV, respectis ely. The corresponding precipitating
:CIJITI flilses used are 3 5 1ii. 7 -10 . I I 10', arid 1.5 x10' tcni 2 si The equilibrium ionization level N,, is given
h% A.,, i ,) ' shere Q is the ion production rate [Rees, 1963] and a, is the electron-ion recombination rate. The
damrping termi ii gisen hk 2,7,N,, o thai a minimum value of j is required in order to exceed the growth rates given in
Itigure 3a. L~ower salues of Ilead to contintued growth and to the nonlinear regime that is not covered in the present

. iii 's hcro: If!,' :11 'It A iodes osere considered initialized at which has ats a free energy -source the east-wiest electric field
do ii 42It~c.~iid llhaslu a insodaldeenenc. he E,, iii the substorm current %edge. The feedback instabilty6

'Cr Cdss I So Sdl cot responid to incident energies of 2 keV, 4 tills the Ilux tubes from the ionosphere wkith Alfv~n waves6%

k&.\ 6 kc\ and 8 keV Fhe incident electron fluxes used in which form standing sAoes betwecen conjugate ionospheres. 1

Fi- eir,,s 4;, 3d Ass-rc 15 It0 7 x 10', 1 1 I 10". and 1.5 Sine the injected electrons are presumably on closed field
-Ili ity iJ~ espectisely. Note that the higher-frequency lines, there is a simultaneous launching of Alfvcn waves into

pu~:Os cuir it hiizher incident energies The agreement the magnetosphere from comparable locations in the two
o~~~ sh. f 1s data is seen to he quite good for ionospheres. The ionospheric conductisity is high inside the

I ;iirc § I hc ,thc; casess pI'artieUiarlv Fi-gures .5h and 5d) are surge so that waves once injected into the magnetosphere are
iii~~ 2!-k~ c il obser atiolns. although the% are at little efficiently trapped between the conjugate ionospheres [ 1i~qtc.s

1UI1 ird l'ist t. io lonu. A slight Increase in ionitation eand Soiii Iood. 19761. 1loss, do these standing Alfs en s% ayes
cc. : ' piciliiiii~i tuxi wsould significatily decrease the decay

ido.tc It i, concluded th~tt the ditferetit dlamrping Sakurai opiil .I Phtirron [11983 1 note Pi 2 polarization re-
.0 lt ihe ttcQ iencics mising It 'u the Sits fiormulation can \ersals in space similar to those observed by ground-based

cI" si ii111 piilsc Mulch ire s ers uiniki toI the inca- stations. I hey also point otit that Pi 2's in space has c a large
.2C~ I '~ pu'ii sat ili shape atid ltme dora iton Therefore compressional component and therefore can propagate across

ii jiht .c.ocra i A All cii wsas cs could pros ide the pri- field lines as fast -modle Ihydromagnette was estSittqier eti at.,
it W. ainit or:' 0,r F)i 2' pulsations rhec damping of the Pt 2's 1 9831. The propagation Speed is faster than the Alfven speed

* r eiis cni ti'c I,, ii rases in thle precipitation current that since the fast-mode phase velocity is giv en as [ 1Ahikeer ci itl..

I'..fining phtssical model is as lilloiws Thc interruptionId
.!Ii J

1
k 4 ictit Ili tite plisnia sheet causes electron It 4(i(1)

1 ! [-- i oi held litne, to a niore dipolar v. here C, is the sounid speed It is argued that these w~axes still
.. 'to. Ati suhstiotrn current wecdge have a selsicity component parallel to the magnetic field so

.tch III i e pic The inipact itof the inoiiA precipitation that they impinge on the ionosphere otutside the surge region
- n .11 o I . iiisplicre trigger, the Feedbhack instability Outside the surge, howAeser, the ionospheric condluctivity is
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Fig. 6. Illustrates a possible explanation for the different Pi 2 polarIzation observed inside and outside the substorm
current wedge. An incident Alfven wave from the magnetosphere stimulates the feedback instabilit. as described in the
text. The substorm wedge acts as an ionospheric source for Pi 2 pulsations with clockwise polarization Farther out in the
magnetosphere these couple to compressional waves that propagate perpendicular to B Outside the substorm wedge
region these compressional waves couple to Alfven waves that are easily absorbed by the ionosphere in regions of to\,
conductivitY. AN evied from the ionosphere. these incidenl waves will have counterclockwise polarization consistei., with

observ ations.

much lower, and therefore wave reflection is much less ef- conductivity. This model therefore provides a possible energy
ficient [Hughes and Southwood, 1976; Ellis and Southwood, path that Pi 2 pulsations could follow.

1983]. The magnetospheric Alfvn waves in these regions are 4. The present model is consistent with the results of paper

rapidly damped by Joule heating [Hughes and Southwood, I [Rothwell et al. 19841 in that the electron precipitation

1976]. fluxes required for surge propagation are also sufficiently high

The Alfv'en wave created by the Sato feedback instability to damp the excited Pi 2 pulsations. The flux levels predicted

originates in the ionosphere and propagates into the mag- by Fridman and Iemaire [19801 also ensure the presence of
netosphere. This wave is assumed to have clockwise polariza- damped Pi 2 pulsations in the model given here.
lion looking into the wave or counterclockwise polarization The present work does not exclude the possibility of ad-

looking in the direction of propagation. It is also assumed that ditional magnetospheric sources of Pi 2 pulsations. We

the sense of polarization is not affected by cross-field propaga- assume, however, that these Pi 2's are easily reflected by the -

lion via the fast-mode hydromagnetic wave. In the low- high-conductiity region and that the ground-based magne-

conductivity region outside the substorm current wedge the tometers most efficiently respond to the ionospheric source

incident counterclockwise wave impinges on the ionosphere presented here.

from the magnetosphere. If most of the incident wave in this

region is absorbed by the ionosphere, then the polarization .4, kn,%vdqpents We would like to acknowledge the many useful
looking down is counterclockwise. In the high-conductivity and insightful comments b. Car-(i-unne Falthammar and Goran

Marklund ol the Roval Institute of lechnolog.. Stockholni. Sweden.

region the launched waves are reflected in the conjugate iono- ind by W J Burke. Howard Singer. and Michael Heineman at

sphere and return to the source region where they are highly AI 6I

reflected. Therefore the sense of polarization in the highly con-
ductive region is determined by the ionospheric source charac- Ritiit N
teristic of the feedback mechanism rather than by waves im-

pinging from the magnetosphere. These concepts are illus- Akhiczer. A I . I A Akhiezer. R V Poloin. A 6 Sitenko, and K N

trated in Figure 6. Stepan . l',inia I-le' tr,dinami, %. vol 1 .1. l., ar Therv. translated
from Russian b% 1) ter Iiair. Pergamon, New York. "5.

In summary, the sense of polarization for ionospheric Atkinson. (i . ,,Auroral arc, Result of the interaction of a dynamic
sources and sinks of Alfven waves looking down at the iono- magnetosphcre with the ionosphere. J. Geophi Res, -5, 4746

sphere should be reversed. This interpretation is consistent 4"54. 19711

with the observations of Samson and Htarrold [1983] as de- aunJohanin. Io htospheric and tield-aligned current systems in the
sra .iurof w . , ' f onci,c re\iw. .ldi Spa ', Res, _'. 55 62. 19I

scribed in the Introduction. inmohann. ' . and K -H (ilassneier. The traislt I response
The model has the follow ing features. nhiecin,.iii ,ind Fti2 pulsations at subsiorm onset Review and

I. The Pt 2 burst is a result of the sudden diverston of the mltlook, /'loi, tpae Re. .?2. 1361 1370. 1 84.tail current to the ionosphere [Sakiurai and ' i Pherron, 1983]. Ihi,. P.. and t) J Southwood, Reflection of Alfven waves by non-
2. The feedback instability is an ionospheric source for uniform tonospheres. Plaiet. Space S., 31, 107-Ill. 1983
. -rindman. %I . and J Lemaire. Relationships between auroral electron

Alfven waves. Larger-amplitude components are generated at flues and ield-aligned electric potential differences, J. (;eophvr

higher frequencies for more energetic precipitation Re',. 5, h64 670. 1980.

3 Standing Alfven waves are created between conjugate (ilassmeter. K -H.. On the influence of ionospheres with non-uniform

ionospheres on field lines that connect the source locations. cnduclivit" distribution on hydromagnetic waves, J. Geop s . 54.

These standing waves propagate across R field lines via fast- Holzr, T I . and F. Sato. Quiet auroral arcs and lectrodmnic

mode hydromagnetic waves. Outside the surge region the coupling between the ionosphere and magnetosphere. 2. J (o'-

waves are rapidly damped in the regions of lower ionospheric pri, Rv. 'S. 733(- 7339. 1973
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